This study examined the correlations between watershed and reservoir characteristics, and water quality parameters related to algal blooms in seven subtropical reservoirs.
Introduction
Maintenance of water quality in drinking water reservoirs within required guidelines is a key issue for reservoir managers. Considerable resources are allocated to monitor water quality and trigger responses when water quality deteriorates. This ensures that human and environmental health is not compromised and that treatment plants are not challenged beyond their capabilities. One of the key water quality parameters of concern is cyanobacterial blooms. Depending on the dominant species, blooms may create low oxygen conditions, taste and odour problems, or produce toxins harmful to humans and animals (Oliver and Ganf 2000)
Anthropogenic modification of reservoir watersheds, such as agriculture, increases nutrient and suspended solids inputs during inflow events. Broadscale cropping or grazing can encompass a large proportion of the watershed and there is evidence of increased nutrients and suspended solids in receiving waters as a result (Ulrich 1997; Harris 2001; Knoll et al. 2003) . A study of American water suppliers found that 50 to 55% of the variation in treatment costs for reservoir water can be explained by the percentage natural vegetation i.e. forest cover in the watershed. More specifically they found that with every 10% increase in forest cover (up to 60% cover), water treatment costs were reduced by approximately 20% (Ernst 2004).
However, watershed inputs, particularly nutrients, are not the only driver of algal growth. Reservoirs have created an artificial environment conducive to algal growth, and particularly cyanobacteria, with calm waters, low light attenuation and a relatively long residence time. Additionally reservoirs can be a trap for watershed nutrients, which may be processed into more bioavailable forms in the water column and sediment prior to utilization by algae within the system. The longer the residence time, and the more anoxic the bottom waters, the more likely this is to happen. In subtropical and tropical regions this problem is exacerbated by warm summers stimulating rapid algal growth, peaks in nutrient inputs from large inflow events, and infrequent flushing (Jones and Poplawski 1998) . Therefore factors such as residence time, light availability, mixing, and water depth can be expected to affect algal growth. This study involved an inter-reservoir comparison of both reservoir and watershed characteristics that may be promoting algal blooms in subtropical reservoirs.
Materials and Methods
The study involved seven drinking water reservoirs in subtropical southeast Queensland, Australia (Fig. 1) . The full supply volumes ranged from 9,280 to 1,165,000 ML with watershed areas ranging from 5,600 to 571,000 ha (Table 1) . Surface water was sampled at each site using a PVC pipe to obtain a top 3 m depthintegrated sample. Water was then poured into a clean bucket. Bottom water (a few metres from the bottom) was sampled at each site using a van Dorn sampler and poured into a clean bucket.
Replicate subsamples from the surface and bottom at each site were taken from the buckets for TN and TP analysis and stored on ice until frozen in the laboratory.
Replicate subsamples for chlorophyll a analysis (surface and bottom) were also taken by filtering known volumes of water into GF/F glass fibre filters, and storing the filters on ice until frozen in the laboratory. Surface (only) subsamples were taken for total algal counts, and taste and odour compounds (geosmin, methylisoborneol (MIB)). For algal counts, 0.6 mL Lugol's solution was added as a fixative, while for geosmin and MIB, subsamples were used to completely fill 20 mL dark glass bottles and stored on ice. On one sampling occasion, February 2005, subsamples from the surface and bottom were also filtered through 0.47 µm (pore size) membrane filters for dissolved nutrient (oxides of nitrogen, phosphate, ammonium, dissolved organic carbon) analyses. Physical parameters were also profiled through the water column, at 1m depth intervals, using a multi-parameter instrument (Sonde) (temperature, conductivity, pH, fluorescence, oxygen, turbidity). The surface mixed layer (SML) depth was calculated based on a temperature difference between adjacent depths of >0.25ºC.
Secchi disc readings were obtained at each site. On the final sampling occasion, light profiles were also measured through the water column using a photosynthetically active radiation (PAR) sensor. The relationship between Secchi disc and euphotic depth (1% surface light) calculated from the light sensor was determined to be:
Euphotic depth (m) = Secchi depth (m) * 1.8 (P < 0.0005)
The value of 1.8 is consistent with literature values (Chapra 1997).
All analyses were conducted at a laboratory accredited by the Australian National Association of Testing Authorities (NATA). TN, TP, filterable reactive phosphorus (phosphate), ammonium and oxides of nitrogen were analysed using standard colorimetric methods (American Public Health Association, 1995) . Filters for chlorophyll a analysis were extracted in acetone and measured spectrophotometrically (American Public Health Association 1995). Geosmin and MIB were analysed using a purge-and-trap gas chromatograph-mass spectrometry technique. The detection limit was 4 ng L -1 and the analytical precision was determined to ± 3%. In the laboratory, samples were identified to species level where possible under phase-contrast microscopy. Cells were counted by direct counting of fixed samples using a Sedgewick Rafter counting chamber. A minimum of 30 fields and 100 algal units were counted to yield a final result of ± 20% of the true cell concentration (Lund et al. 1958) . Biovolume estimates for species with cell concentrations > 5000 were distinct higher concentrations of ammonium in bottom waters compared with surface waters (Fig. 4) . In some reservoirs, oxides of nitrogen were also higher in bottom waters. In the case of phosphate, Somerset and Wivenhoe reservoirs had substantially higher concentrations in bottom waters than that found in other reservoirs. Concentrations of all nutrients were often undetectable in surface waters.
Consistent with the TN;TP ratios, dissolved inorganic N:P ratios of bottom waters were always substantially higher than Redfield (1958) ratios.
The mean surface water temperature at the time of sampling was similar across the seven reservoirs but other physico-chemical parameters varied substantially between reservoirs and sampling occasions (Table 5) . Bottom oxygen was generally lower in the deepest reservoir, Hinze, while conductivity was highest in Wivenhoe, and
Manchester had the lowest light attenuation. The SML was deepest in North Pine
Dam, which had an artificial destratification system operating. All reservoirs had the taste and odour compounds, geosmin and MIB present in detectable levels (> 4 ng L -1 ) at some time during the study, but these were not significantly correlated with either total cyanobacterial cell concentrations or cell concentrations of genera capable of producing geosmin and/or MIB. An MDS plot of algal species composition was also compared across reservoirs:
Hinze and Little Nerang grouped, while North Pine, Somerset and Wivenhoe also grouped (Fig. 7) . Leslie Harrison was distinctly different from all other reservoirs.
MDS plots of algal species composition over time showed that October 2004, which was pre-rainfall and early in the summer, was significantly different (P < 0.05) from the other sampling occasions (Fig. 8) . Univariate analysis of key water quality parameters, i.e. algal cell concentrations, TN
and TP, were all significantly correlated (P<0.05) with the percentage forest in the watershed (Table 6 ). Algal cell was also significantly correlated with watershed area and the watershed*residence time/reservoir factor. Chlorophyll a was only significantly correlated with rainfall. There was only a weak but significant correlation (P<0.05) between chlorophyll a and algal cell concentrations (R 2 = 0.13), with a more highly significant (P<0.005) correlation between chlorophyll a and total algal biovolumes for all cells > 5000 cells mL -1 (R 2 = 0.33).
Discussion
This study has shown a correlation between watershed land use and algal cell, TN and TP concentrations in seven subtropical reservoirs. This is presumably due to the increased nutrient loads from anthropogenically modified watersheds entering the reservoirs and is consistent with findings in temperate reservoirs and lakes. A study of thirty lake watersheds in Connecticut, USA, also found that the proportion forest cover, urban and agricultural land were significantly correlated with TN and TP in the corresponding lakes (Field et al., 1996) . Similarly, a study of twelve reservoirs in Ohio, USA, found that watershed land use correlated with primary production, TP and chlorophyll but there was a well defined upper limit to the effect of land use on these three parameters (Knoll et al., 2003) .
However, the correlation was greatly improved when land use was combined with the ratio of watershed land area to reservoir volume, and the ratio of cropland area to number of livestock. Our study also found that the ratio of watershed area * residence time/reservoir volume was significantly correlated with algal cell concentrations. This is not surprising as a larger watershed area is likely to contribute more nutrients per volume of reservoir, than a smaller watershed.
In our study, the reservoirs with the highest TN and TP also had the highest incidence . This study found that nutrients contribute to 50% of reported water quality problems in lakes, reservoirs and ponds. Agriculture was the most widespread source of impact (>40%). In order to undertake a similar assessment in subtropical reservoirs, more water quality and watershed information for a larger number of reservoirs is needed. However this study has shown that it is possible to differentiate reservoirs with respect to a range of both water quality parameters and reservoir land use.
Conclusions
In conclusion, this inter-reservoir study has shown that:
 There was a distinct grouping of reservoirs, based on their water quality parameters, with watershed land use  The proportion of forest cover in the watershed was significantly correlated with algal cell concentrations, as well as TN and TP in the reservoirs suggesting that a shift from 100 to 50% forest has had a substantial effect on water quality.
 Reservoirs with the highest nutrient concentrations also had the highest frequency and magnitude of toxic algal species.
volume were significantly correlated with algal cell concentrations, suggesting that reservoir characteristics cannot be ignored. 
